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Introduction
Of the available methods to produce polarized electrons, laser-induced photoemission from GaAs crystals is advantageous because it allows the rapid flipping of electron spin using optical means [1] . Weaknesses of this method emerge if the experimental signal is sensitive to spin; helicity reversal of the laser beam is generally associated with both spatial and intensity variations, which are produced by the optical elements responsible for helicity reversal. If the GaAs crystal has a nonuniform quantum efficiency over its surface, helicity-related spatial movement of the laser beam may produce a helicity-dependent current asymmetry emerging from the polarized electron source. Similarly a helicity-dependent laser intensity will produce a corresponding helicity-dependent current, even in the absence of spatial variations. Polarized electron currents that depend on their spin direction will subsequently cause an instrumental asymmetry (IA) mimicking a true spin-dependent signal. In this paper we define photon intensity or electron current asymmetry as
where I + is the current or intensity of predominantly forward-spin electrons or photons and I − is the equivalent quantity for spin-backward particles. We present an active feedback scheme to correct this problem at the optical level. In previous work [2] we have shown that the upper limit of IA with passively stabilized optical spin reversal is ~5 × 10 −4 . Active feedback to correct this problem has been investigated by several groups [3] [4] [5] [6] [7] [8] , but to our knowledge this is the first scheme that does not make use of electro-optic or electromechanical feedback operating at the helicity-reversal frequency to force instrumental asymmetries to zero. The work reported here was necessitated by the requirements of a larger experiment designed to observe electron circular dichroism (ECD) [9, 10] . In this experiment, polarized electrons with alternately forward and backward longitudinal spins traverse a chiral vapor target. The goal is to observe a spin-dependent asymmetry in the number of electrons that traverse the target. This asymmetry is expected to be very small-of the order of 10 −4 [11] . In order to observe such small values, it is important that the experiment's IA be significantly smaller than 10 −4 .
Apparatus
Previous versions of our ECD experiment, which were plagued by large (~10 −4 ) IAs, employed passive measures such as temperature stabilization and refocusing optics to minimize these effects [2, 3] . The helicity of the polarized light was flipped by using a single photoelastic modulator (PEM) to vary the retardance [12] . The primary source of instrumental asymmetries resulted from the spatial drifting of the light beam, which is an inherent consequence of the PEM [2, 13] . To overcome these problems we devised an optical system that flips the helicity of polarized light mechanically rather than electro-optically and that uses slow active feedback to limit time-varying IAs. The optical system is shown schematically in Figure 1 . It uses a 75mW, 785nm Power Technology diode laser (Model LDCU5/7873). This laser was specially built to have excellent polarization and intensity stability with regard to temperature. Nevertheless we use a linear polarizer (LP) to ensure the initial light polarization. Afterward the laser light passes through a crystalline half-waveplate (Meadowlark H1557) and a computer-controlled liquid crystal retarder (LCR: Meadowlark LVR-200). It then passes through a polarizing beam splitter (Thorlabs PBS3) creating two orthogonally polarized spatially separated beams of light. When the half-waveplate is rotated, intensity is redistributed between these two beams. A mechanical chopper (Thorlabs MC1000A) is inserted so that, when it is positioned correctly, it allows only one beam to pass at a time. The purpose of the LCR will be explained in Section 3. After the chopper, each beam is reflected by a mirror into a second polarizing beam splitter that acts to spatially recombine the two beams. The effect of this setup is to separate the beams in time using the chopper, but recombining them in space with the two beam splitters. The recombined beam then passes into diode 1. The photodiode signal can be monitored with an oscilloscope or a computer. Finally a third beam, generated by a He-Ne laser, is shot through the chopper into diode 2. This beam is used to create a reference signal with which we compare the signal that reaches diode 1. A synchronization output from the chopper controller was available, but was found not to remain in phase with the diode 1 signal.
Measuring Asymmetry and Positive Feedback
The problems associated with IAs lie not in their nonzero value per se, but in the fact that they drift in time. If an IA did not drift, it could be minimized by passive means, measured carefully, and subtracted from the ECD signal to yield true asymmetries. We consider first the problem of IA measurement, and then the use of active feedback to eliminate IA drifting.
The signals that reach diodes 1 and 2 are modified square waves [see Figures 2(a) and 2(b), respectively]. Both diode signals run to Keithly 1645 picoammeters, and the analog voltage outputs of these meters are sampled with a National Instruments PCI-6143 data acquisition card. The card samples data in "burst mode" by making many measurements at the sampling frequency, storing them in a buffer, Figure 1 . Schematic of the optical system. Light from the laser is separated into its constituent polarizations (arrows) and recombined in space, but not in time, with the aid of a chopper. The intensity of each polarization is measured with diode 1 (using the He-Ne signal from diode 2 as a reference) and the LCR is adjusted to minimize the intensity asymmetry. Helicity is flipped by the passage of the temporally alternating linear polarization through a fixed quarter-wave plate. Asymmetry A can be calculated using I +(−) taken from the upper (lower) flat regions of the square-wave in Figure  2 (a). To get an accurate value for I + and I − , we must eliminate any sampling of data in the vicinity of the spikes in the square wave. We differentiate the reference signal [see Figure 2 (c)] and reject all data points where the absolute slope of the trigger signal is less than some threshold-typically 0.01V/s. We then use the trigger signal in combination with the chopping rate to bin all I + and I − points and take their respective averages. The region of the chopper cycle over which sampling occurs, as dictated by the reference beam, is shown in Figure 2 (c).
The choice of chopper speed, sampling rate, and sampling time is dictated by three criteria: (1) at least one chopper waveform must be sampled, that is, a high and low intensity are required to calculate an intensity asymmetry; (2) the data acquisition time taken to measure an asymmetry value must be short compared to characteristic IA drift times; and (3) the chopping rate must not be faster than the response time of the diodes. A typical chopper frequency in these experiments was 500 Hz with a sample rate of 200 kHz and a data acquisition time for one asymmetry value of 50 ms.
We cannot assign an uncertainty to this value because there is no way of knowing whether these results obey a normal distribution or what the width of that distribution is. We therefore repeat this process 1000 times and extract a mean and standard deviation of the mean to give an average asymmetry measurement with an uncertainty. This compound measurement takes ~1.2 s to make. The number of data points used to determine a single asymmetry value is not taken into account explicitly when calculating an uncertainty for the composite asymmetry. Nevertheless as a consequence of the criteria above, this number influences the uncertainty and must be sufficiently high to allow a small uncertainty to be reached in a reasonable amount of time.
The main source of systematic error in any asymmetry measurement is asymmetry drift. One way to minimize this error is to chop the beam very quickly and sample many times in a given chopping period; the shorter the chopping period, the less opportunity the asymmetry has to drift within a given measurement of A. This improves the accuracy of any given asymmetry measurement but does not improve the problem of overall drift. To correct long-term drift, active feedback to set the IA to zero must be employed. An example of such an asymmetry measurement taken for our optical system over an extended period of time is shown in Figure 3 . Over the course of 1.5 h, the asymmetry drifts drastically to values much greater than the expected experimental asymmetry. To eliminate this drift we employ active feedback.
In the simplest system we would have only the halfwaveplate to orient the linear polarization precisely at 45°, just upstream of the first beam splitter. One way to feed back on asymmetry would be to make an asymmetry measurement and rotate the half-waveplate to continually force the asymmetry to zero. We can analyze the effects of various elements in our optical train using the technique of Mueller calculus [14] . In our case we begin with a vertically polarized state of light emitted by the laser:
In this vector, P 0 is the total intensity, P 1 is the difference between the intensity of horizontally and vertically polarized light, P 2 is the intensity difference in the 45° and 135° polarization directions, and P 3 is the difference in intensity between right-and left-handed circularly polarized light. The half-waveplate can be represented by the following operator:
To account for the rotation of the half-waveplate, we introduce the rotation operators
where a is the angle of rotation. Multiplying these matrices together gives us a final Stokes vector: Figure 3 . Long-term behavior of asymmetry without feedback.
The polarizing beam splitters may be regarded as fixed LPs. The intensity asymmetry is therefore given by P final, 1 = P final, 0 = sin(4a). Since P final, 0 is defined to be 1, we can simply extract the P final, 1 component to obtain the asymmetry. The goal is to maintain the asymmetry at A = 0; the magnitude of the rate of asymmetry change versus half-waveplate angle at these points is 4/rad. If we wish to control the asymmetry to within 10 −5 , we must control the angle of the half-waveplate to ~0.5 arc sec. Since this is near the precision limit of commercially available nanorotators, the plane of polarization is instead fine-tuned electronically by changing the retardance of the LCR (see Figure 1) . We represent the LCR as a retarder with variable retardance d that depends on a voltage v:
The fast axis of this retarder is fixed at 45°. Therefore the final Stokes vector is given by P
The retardance-voltage curve provided by Meadowlark Optics is shown in Figure 4 . Also shown in Figure 4 is our measurement of the LCR retardance-voltage curve obtained by placing the LCR between (imperfect) crossed polarizers and measuring the transmitted intensity as a function of v. Taking into account that the two polarizers have a value of K incident = 0.965 [15] , we obtain the results of Figure 4 . Using these results and the Mueller analysis of the system in Figure 1 , we can predict the optical system asymmetry as a function of LCR voltage. Both the predicted and the measured results of this are shown in Figure 5 , where the half-waveplate angle is 0° (vertical).
In a typical linear feedback scheme, we would measure the asymmetry and alter the system (i.e., output a voltage to the LCR) in a way that would make the asymmetry tend to zero. This would all take place during a discrete time interval i. Our feedback voltage was determined by v i + 1 = A i k + v i , where A i is the measured asymmetry and v i is the voltage outputted during this time step. In the region near
The asymmetry measurement must be made by averaging over many chopper cycles to avoid feeding back on noise. However, in the beginning of a feedback cycle, when changes in asymmetry are large, we average over fewer cycles so that the time it takes to feed back is not much larger than the time it takes for the asymmetry to change. We therefore use an adaptive method that alters the number of chopper cycles used to make a measurement with regard to how large the asymmetry is. We use only two categories of chopper cycle integration; if the asymmetry is > 0.001, we use 10 chopper cycles, but if it is < 0.001, we use 100. We find that this is sufficient to feed back in a reasonable amount of time. Figure 6 shows the short-term behavior of the asymmetry when this feedback system is applied. Figure 7 shows the long-term asymmetry behavior with feedback, excluding the first few minutes when the asymmetry was >10 −4 . As discussed in Section 3, when no feedback is applied, the asymmetry exhibits significant drifting to the point where it would eclipse any expected chiral effect (see Figure 3 ). Using this method we are able to maintain the asymmetry below 3 × 10 −4 . Over 1.5 h the accumulated asymmetry of Figure 7 is 3:7 × 10 −6 ± 2.2 × 10 −6 , well below the known values of ECD asymmetries [11] . In earlier results with a factor of 3, worse LCR control voltage resolution limited the ability of this feedback method to control short-term asymmetries to better than ~10 −3 and could only achieve average asymmetry values below 1.5 × 10 −5 in periods of time greater than 15 h.
Results

Conclusions
We have demonstrated the ability to obtain long-term optical asymmetries well below 10 −5 . Our system has the advantage that helicity-correlated spatial variations of the beam are not caused by the optical elements responsible for helicity reversal. Active feedback to eliminate temporal drifting of asymmetry can thus be accomplished by elements not operating at the helicity-reversal frequency. We believe that the improved resolution of the LCR voltage control can improve even further the upper limit on shortterm asymmetry values, meaning that the upper limit on average asymmetry required by a given experiment can be reached in shorter and shorter periods of time. This optical system is ideally suited for producing GaAs photocurrent since it minimizes the drift of the laser beam over the surface of the crystal. In addition the feedback system described in this paper may be applied in a similar fashion to photocurrent, thereby eliminating any remaining helicity asymmetry.
